The adenovirus E1B-55-kDa protein binds and inactivates the tumor suppressor protein p53. However, the role of this interaction during infection is still poorly understood and was therefore examined here. Infection with a virus carrying the E1B-55-kDa mutation R239A, preventing the interaction with p53, led to the accumulation of p53. However, p53 target genes were not activated in the infected cells, although p53 phosphorylation did occur and the p53 antagonists Mdm2 and ⌬Np73 did not accumulate. Deletion of E4orf6, alone or in combination with E1B-55-kDa, did not allow the induction of p53-responsive genes either. In transient reporter assays, the viral E1A-13S protein antagonized p53 activity; mutational analysis suggested that this depends partially on p300 binding, but it depends even more strongly on the interaction of E1A with the p400/TRRAP protein complex. However, viruses expressing E1A mutants lacking these binding activities, in combination with E1B-55-kDa R239A, still abolished p53 activity. In contrast, when the mutation of E1B-55-kDa at R239A was combined with a deletion of the apoptosis inhibitor E1B-19-kDa, infected cells showed more extensive apoptosis than after infection with single mutants, suggesting that accumulated p53, albeit transcriptionally inactive, might nonetheless enhance apoptosis. Despite extensive apoptosis of the infected cells, the deletion of E1B-19-kDa, in combination with the E1B-55-kDa mutation or in the presence of the constitutively active p53 mutant p53mt24-28, reduced virus replication less than fivefold. In conclusion, adenovirus does not need direct binding of E1B-55-kDa to inactivate p53, and forced p53 activity with consecutive apoptosis does not severely impair virus replication.
The tumor suppressor protein p53 is the product of the most frequently mutated gene in human cancer. p53, when wild type, acts as a transcription factor to enhance the expression of numerous target genes. The products of these genes mediate the major biological effects of p53, i.e., cell cycle arrest and apoptosis (64) (65) (66) . In addition, p53 might also induce apoptotic pathways independently of transcription, in particular through its association with mitochondria (13, 37) . The activity of p53 is carefully regulated by various mechanisms, including its phosphorylation and the expression of p53 antagonists. These antagonists include the Mdm2 protein that directly binds p53 and mediates its ubiquitination. Another antagonist of p53 was identified more recently; an amino-terminally truncated form of the p53 homologue p73 can be transcriptionally induced by p53 (18, 25, 38) and then inhibits the activity of p53, presumably through the competition for common promoter binding sites (18, 25, 38, 59) , thereby creating a negative-feedback loop. Moreover, p53 uses cofactors for transcriptional activation, including the histone acetyltransferase p300 (53) and the protein complex containing p400 and TRRAP (1) , suggesting that the availability of such cofactors might also contribute to the regulation of p53. p53 is antagonized by a variety of tumor viruses, including simian vacuolating virus (simian virus 40), oncogenic human papillomaviruses (e.g., human papillomavirus types 16 and 18) , and adenovirus (31) . In each case, viral transforming proteins directly interact with p53. Although p53 is not always inactive in virus-transformed cells (33) , all viral p53 antagonists can at least temporarily reduce p53 activity in transient reporter assays. Adenovirus and human papillomavirus not only inactivate p53 but also mediate its degradation. In the case of adenovirus, the E1B-55-kDa oncoprotein binds and inactivates p53 (52) , whereas E1B-55-kDa and E4 open reading frame 6 (E4orf6, alias E4-34 kDa) together mediate the ubiquitination and degradation of p53 (44, 45, 50, 57) . Other adenovirus proteins can indirectly interfere with p53 activity. For instance, the E1A gene products interact with p300, thereby reducing p53-mediated transactivation, at least in transient reporter assays (56) . Furthermore, E1A proteins bind the p400/TRRAP complex (16, 30) , suggesting another way of diminishing p53 activity. The E1B-19-kDa protein was shown to inhibit the downstream effects of p53 by blocking the induction of apoptosis (7, 68) , and the E1B-19-kDa target proteins Bax and Bak, when not antagonized, have been shown to limit adenovirus replication in baby mouse kidney cells (6) .
Intuitively, it seems obvious that antagonizing p53 should represent an advantage for virus replication, e.g., by inhibiting premature apoptosis of the infected cell. On the basis of this assumption, it was suggested that an adenovirus lacking the E1B-55-kDa protein might specifically replicate in tumor cells that do not express active p53. Such a virus, termed dl1520 (2) or Onyx015 (3) has been tested as an oncolytic agent in advanced clinical trials, with relatively promising results (26, 29, 39, 40) . However, the theoretical basis for using adenovirus deletion mutants in therapy is far from being consolidated, as reviewed recently (8) (9) (10) . In particular, and despite the extensive studies of p53 using transient-expression or -transformation assays, surprisingly little is known about the activity and impact of p53 in the context of a productive adenovirus infection. Koch et al. previously analyzed the effect of p53 overexpression on the efficiency of adenovirus replication (27) . To do so, they employed a p53 mutant termed p53mt24-28, with the amino acid residues 24 to 28 replaced by the corresponding residues of the p53 homologue TAp73. p53mt24-28 does not show any reduction in transcriptional activity compared with the activity of wild-type p53; however, it lacks the ability to interact with E1B-55-kDa and is therefore resistant to direct inactivation or degradation during adenovirus infection (27, 50) . Using an adenovirus vector expressing p53mt24-28 for coinfection with wild-type adenovirus, Koch et al. previously found that p53 activity does not impair virus replication (27) . It now remains to be examined whether adenovirus mutants with deletions or substitutions can be rendered sensitive to p53 activity.
While the overexpression of "E1B-resistant" p53mt24-28 represents a useful tool, it does not necessarily reflect the effects of endogenous p53. For analyzing the role of cellular p53 in the context of adenovirus infection, a mutant virus is required that selectively lacks the ability of E1B-55-kDa to interact with p53. Such a mutant recently became available through a systematic screen of E1B-55-kDa mutants. The R239A mutation within a recombinant virus termed Onyx051 eliminates the abilities of E1B-55-kDa to bind and destabilize p53, but it preserves the interaction of E1B-55-kDa with E4orf6 and still induces the host cell shutoff phenomenon (54) . However, it is currently unknown whether infection with this type of virus mutant results in p53 activation and whether the p53 status of the infected cell affects the replication of this mutant. Answering this would contribute to understanding the role of p53 in adenovirus infection, and it would help to evaluate the chances of creating a virus with p53-selective replication properties.
We show here that p53 remains transcriptionally inactive in adenovirus-infected cells, independently of the interaction of E1B-55-kDa or E4orf6 with p53, and regardless of E1A binding to p300 or p400/TRRAP. However, even when p53 activity is induced by forced overexpression of p53mt24-28, while deleting the apoptosis inhibitor E1B-19-kDa, virus replication is reduced only fivefold or less. Thus, adenovirus displays resistance to p53 at multiple levels.
MATERIALS AND METHODS
Cells and viruses. A549, H1299, MRC5 cells (American Type Culture Collection), and human foreskin fibroblasts (generous gift by K. Radsak and coworkers) were maintained in Dulbecco's modified Eagle medium (Life Technologies) with 10% fetal bovine serum (FBS). LS174T cells (American Type Culture Collection) were maintained in RPMI 1640 medium containing 10% FBS. Transfections were done using Lipofectamine 2000 (Life Technologies), and luciferase assays (Promega) were performed 24 h later, as described previously (50) . Adenovirus and adenovirus-derived vectors were propagated, and the titer was determined as described previously (27, 67) . Briefly, fresh cell monolayers were infected with virus dilutions, followed by immunofluorescence staining of the adenovirus E2A-72-kDa protein and counterstaining with 4,6-diamidino-2-phenylindole (DAPI).
Plasmids and viruses. Mutant plasmids were created by the QuikChange methodology (Stratagene) for site-directed mutagenesis, using the following primers and their respective reverse complements: E1B-55kDa R239A (GGT  TAT TAT GAA TGT AGC GTT TAC GGG CCC CAA TTT TA), ⌬E1B-19-kDa (CTT GCT GGA ACA GAG CTC AAG CTT ATC TGG GTC ACC AGG   CGC), E1A R2G (CCG GGA CTG AAA ATG GGT CAT ATC ATA TGC  CAC GGA GGT GTT), E1A ⌬2-36 (GGA CTG AAA ATG CAT TTC GAA  CCA CCT ACC CTT CAC G), E1A ⌬25-36 (GGA CCA GCT GAT CCA TTT  CGA ACC ACC TAC CCT TCA CG), E1A ⌬15-25 (GTT ATT ACC GAA  GAA GAG GTA CTG GCT GAT), and E1Amut19-24 (GAA ATG GCC GCC  AGT TCT AAT GAC CAG AGC GCT GAA GAG GTA CTG GCT) .
The expression plasmid pRcCMVp53 (32) was used in reporter assays, along with the reporter plasmid pBP100Gl2 containing the p53-responsive portion of the mdm2 promoter and a luciferase reporter gene (14) . Expression plasmids for E1B-55-kDa (11) and for E4orf6 (12) have been described; a cDNA of E1A-13S was cloned into pcDNA3.
For recombinant viruses, the mutations described above were introduced by QuikChange mutagenesis in a plasmid containing the entire E1 region in the background of the vector pShuttle (22) . To this end, pShuttle was linearized using PmeI and NotI and filled with an PmeI/NotI-digested PCR product obtained by amplifying the template pXCl (36) using the primers GGA ATT CGT TTA AAC AGG CCT CTC AAG TCT GTA TAC G and GGA ATT CGC GGC CGC GGT TTT AGG CGG ATG TTG TAG. Recombinant viruses were then created by homologous recombination of this plasmid with the vector backbone pAdEasy1 (22) in Escherichia coli strain BJ 5183, followed by transfection of an E1-complementing cell line, subsequent virus amplification and titration, as described previously (27, 67) .
Immunoblotting. Proteins were separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to nitrocellulose membranes, followed by incubation with antibodies in phosphate-buffered saline containing 5% milk powder and 0.1% Tween 20. Peroxidase-coupled secondary antibodies (Fab fragments; Jackson) were then detected by chemiluminescence (Pierce). Antibodies were directed against adenovirus E1A (M73; Calbiochem), adenovirus E2A (B6-8 [47] ; obtained from J. Flint), adenovirus hexon protein (goat polyclonal antibody; Biogenesis), p53 (1801 and DO-1; Oncogene Research), phospho-Ser15-p53 (16G8; Cell Signaling), p21/CDKN1A (BD Transduction Laboratories), Mdm2 (2A10 and 3G5 [41] ), p73 (rabbit polyclonal antibody; BD Pharmingen), poly(ADP-ribose) polymerase (PARP) (Ab-2; Oncogene Research), Bax (BD Transduction Laboratories), and actin (AC-15; Abcam).
RT-PCR. Total RNA was isolated from HeLa cells (Trizol reagent; Life Technologies), and mRNA levels were determined by reverse transcription (RT) and semiquantitative PCR, essentially as described previously (5) . RT was performed with Superscript II polymerase (Life Technologies) and PCR amplification with Expand HiFi DNA polymerase (Roche). PCR was performed using an initial 3-min denaturation step at 95°C, followed by different numbers of cycles of PCR. One cycle of PCR consisted of 20 s at 95°C, 20 s at 52°C (Mdm2) or 55°C (p21/CDKN1A), and 90 s at 70°C. Specific oligonucleotides were employed for RT and PCR. For p21/CDKN1A, 25 cycles of PCR and RT primer GGA AAA GGA GAA CAC GGG ATG AGG AGG, forward PCR primer CCT GGC ACC TCA CCT GCT CTG CTG, and reverse PCR primer GCA GAA GAT GTA GAG CGG GCC TTT were used. For Mdm2, 25 cycles of PCR and RT primer AAC ATC TGT TGC AAT GTG ATG G, forward PCR primer TCA GGA TTC AGT TTC AGA TCA G, and reverse PCR primer CAT TTC CAA TAG TCA GCT AAG G were used.
Assessment of adenovirus DNA replication. Infected cells were harvested, and genomic DNA was prepared (QIAGEN) and digested with the restriction enzyme HindIII. DNA was separated by size using a 0.6% agarose gel and visualized by ethidium bromide staining.
RESULTS
The mutation R239A strongly attenuates p53 inhibition by the E1B-55-kDa protein in transient reporter assays. The mutation R239A within the E1B-55-kDa protein of adenovirus type 5 was recently shown to abolish the degradation of p53 during virus infection (54) . We first asked whether this mutation also interferes with the ability of E1B-55-kDa to inhibit the transcriptional activity of p53. This was tested by transient transfection of H1299 cells, a p53 Ϫ/Ϫ cell line derived from human lung adenocarcinoma. Expression plasmids for p53 and for E1B-55-kDa were cotransfected together with a luciferase reporter plasmid containing the p53-responsive fragment of the mdm2 promoter (14) . Luciferase activity was then determined to assess the extent of p53-induced promoter activation. E1B-55-kDa was found to decrease p53 activity (Fig. 1, top  panel) , and the addition of E4orf6 virtually abolished any detectable p53-mediated transcription, confirming previous results (49, 50, 57, 69) . When E1B-55-kDa and E4orf6 were expressed in combination, the amount of p53, as determined by immunoblot analysis, was drastically reduced (Fig. 1, bottom  blot) , an effect that was recently shown to be mediated by increased p53 ubiquitination (44, 46) . In contrast, when the mutation R239A was introduced into E1B-55-kDa, p53 inhibition was severely impaired, in the presence or absence of E4orf6. Also, p53 degradation was strongly attenuated. The levels of the p53-responsive gene product p21/CDKN1A, as determined by immunoblotting, essentially reflected the luciferase activities, indicating that the effects of E1B-55-kDa and E4orf6 on p53 activity were not limited to a reporter system but pertained to a chromosomally integrated, p53-responsive gene. We conclude that the mutation R239A strongly impairs the ability of E1B-55-kDa to inhibit p53 activity in a transienttransfection assay.
Mutation of E1B-55-kDa allows p53 accumulation but not p53 activity in adenovirus-infected cells. Next, we sought to determine the effects of the mutation R239A on the activity of p53 during an adenovirus infection, as opposed to transient transfections. To test this, the mutation was introduced into a recombinant adenovirus, using a plasmid-based system for virus construction (22) . When we infected A549 cells (p53 ϩ/ϩ , no p53 mutation) with this virus and subsequently detected p53 and two of its target gene products by immunoblot analysis, it was found that p53 strongly accumulated in cells that were infected with the mutant virus, whereas the levels of p53 were much lower in mock-infected cells or in cells infected with wild-type virus ( Fig. 2A ), in accordance with previous data (54) . Surprisingly, however, the accumulation of p53 did not coincide with increased expression of p53-responsive genes. The levels of the products of such genes, p21/CDKN1A and Mdm2, were decreased, rather than increased, regardless of whether wild-type or mutant virus was used for infection. To rule out the possibility that this decrease in expression occurred only at the level of protein synthesis or stability, we determined the mRNA levels of the same genes by semiquantitative RT-PCR. As shown in Fig. 2B , the decrease in expression of p21/CDKN1A and Mdm2 was also seen at the mRNA level, and again, it was not affected by the R239A mutation in E1B-55-kDa. We conclude that the virus is capable of completely abolishing p53 activity in infected cells by mechanisms that do not require the interaction of E1B-55-kDa and p53.
It has been reported that the adenovirus E4orf6 protein, at least when transiently expressed, is capable of binding and inactivating p53, even in the absence of E1B-55-kDa (12, 24) . Therefore, we tested whether a deletion of E4orf6, alone or in combination with a deletion of E1B-55-kDa, might lead to p53 activity in the context of virus infection. Virus recombinants lacking E1B-55-kDa or E4orf6 or both were previously characterized (4). These viruses were used to infect A549 cells, and then immunoblot analysis of p53 and p21 was performed. As shown in Fig. 2C , deletions of either gene led to the accumulation of p53, consistent with the concept that E1B-55-kDa and E4orf6 must cooperate to ubiquitinate and destabilize p53 (44, 45, 50, 57, 69) . Deletion of E4orf6 resulted in somewhat higher p21 levels than those observed in the presence of E4orf6 (Fig.  2C , bottom blot). However, despite the massive accumulation of p53 in all cases, p21 levels remained equal or lower than in mock-infected cells, regardless of the virus mutant employed. We conclude that neither E1B-55-kDa nor E4orf6 is required to block the transcriptional activity of p53 that is not active during infection with adenovirus.
Infection with adenovirus carrying a mutation of E1B-55-kDa induces the accumulation of phosphorylated p53, as well as TAp73, but not Mdm2 or ⌬Np73. To narrow down the spectrum of possible reasons that might explain the inactivity of p53 during infection, we assessed the degree of p53 phosphorylation. A key residue of p53, serine 15, is known to inhibit Mdm2 binding and to increase the efficiency of transactivation when it becomes phosphorylated (55) . Therefore, we infected LS174T cells with adenovirus carrying E1B-55-kDa mutations, and then determined the degree of p53 phosphorylation at this residue, in parallel to the total amounts of p53, using a phosphospecific antibody. A parallel experiment was performed with cells that were treated with the topoisomerase inhibitor camptothecin to analyze the p53 response in the presence of virus-independent DNA damage. As expected, p53 accumu-
FIG. 1. Inactivation of p53 by the E1B-55-kDa (E1B-55k) protein in transient reporter assays. H1299 cells (p53
Ϫ/Ϫ ) were transiently transfected as indicated with a luciferase reporter plasmid containing a p53-responsive promoter (50 ng), along with expression plasmids for p53 (50 ng), E1B-55-kDa or its mutant R239A (350 ng), and/or E4orf6 (750 ng). When expression plasmids were not used, corresponding empty vector constructs were transfected instead. Luciferase activities were determined after 24 h. The average results from at least three independent experiments are shown on a logarithmic scale, along with standard deviations (error bars). The lysates used for luciferase quantification were then boiled in sample buffer containing SDS and subjected to SDS-polyacrylamide gel electrophoresis and immunoblotting. p53 and its target gene product, p21, were detected by antibodies, along with actin (loading control).
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on October 15, 2017 by guest http://jvi.asm.org/ lated when the cells were infected with a virus carrying the E1B-55-kDa mutation R239A or lacking E1B-55-kDa entirely (Fig. 3A) . Moreover, p53 was found phosphorylated in all these cases, and the degree of phosphorylation even exceeded the amount of phosphorylated p53 in camptothecin-treated and mock-infected cells. At the same time, camptothecin treatment alone led to a considerable increase of p53 activity, as determined by the increased levels of p21/CDKN1A and Mdm2. In contrast, no p53 activity was observed by this crite-FIG. 2. p53 levels and activity during infection with the adenovirus mutant E1B-55-kDa R239A. Cells were infected with wild-type adenovirus (Ad wt), adenovirus carrying the E1B-55-kDa R239A mutation (Ad E1B-55k R239A), or mock infected at a multiplicity of infection of 20. The cells were harvested and subjected to immunoblot analysis, and RNA was isolated in parallel experiments at 24 h postinfection. (A) Immunoblot analysis of p53 and its target gene products. p53 and its target gene products p21/CDKN1A and Mdm2 were detected in A549 cell lysates using specific antibodies. A background band served as a loading control (CTL). (B) Levels of p53 target gene transcripts. Total RNA was isolated from infected A549 cells and subjected to agarose gel electrophoresis and ethidium bromide staining. mRNA derived from the p21/CDKN1A and Mdm2 genes was reverse transcribed and amplified by 25 PCR cycles. The PCR products were visualized on agarose gels. (C) Effect of E4orf6 deletion on p53. A549 cells were infected as described above with wild-type adenovirus and/or mutants that lack E1B-55-kDa, E4orf6, or both (4). Subsequently, p53 and p21 levels, along with Ku antigen (loading control), were determined by immunoblot analysis.
FIG. 3. p53 phosphorylation and levels of p53 antagonists during adenovirus infection. (A)
Effect of adenovirus E1B-55-kDa (Ad E1B-55k) mutation on p53. LS174T cells were mock infected or infected with wild-type adenovirus (Ad wt) or the indicated adenovirus mutants at a multiplicity of infection of 20. The cells were also treated with camptothecin (300 nM) for 3 h at the time of infection. Immunoblot analysis was performed with antibodies against the indicated protein entities. (B) Effect of E4orf6 deletion on p53. LS174T cells were infected and/or treated with camptothecin as described above, using wild-type adenovirus and/or mutants that lack E1B-55-kDa, E4orf6, or both (4). Subsequently, p53 and p21 levels, along with Ku antigen (loading control), were determined by immunoblot analysis. rion in infected cells, even when the cells had been treated with camptothecin. We conclude that a lack of p53 phosphorylation, at least at the key residue S15, is not the reason for missing p53 activity in the infected cells. The expression levels of Mdm2, compared to mock-infected cells, were not increased upon virus infection. This argues against p53 inhibition by Mdm2 during virus infection.
Further, we determined the levels of p73 in infected cells, since we and others have previously characterized the ⌬Np73 isoform to be a negative regulator of p53 (18, 25, 38, 59, 70, 71) . It was found that infected cells expressed increased levels of a p73 protein. However, this protein was larger than the ⌬Np73␣ protein that was induced by camptothecin treatment alone in this experiment (Fig. 3A) and the results reported by Kartasheva et al. (25) . Since ⌬Np73␣ is the largest isoform of p73 that lacks a functional transactivation domain (70, 71) , we conclude that the isoform detected in the infected cells is a transcriptionally active p73 protein. Its size corresponds to the size TAp73␣, as determined previously by comparison with a transiently expressed recombinant protein (25; our unpublished observations). The accumulation of TAp73␣ in infected cells is in accordance with the known activation of E2F-responsive genes during adenovirus infection (28, 48) and the strong E2F responsiveness of the TAp73 promoter (23, 58) . Notably, the increased levels of a transcriptionally active isoform of TAp73␣ do not provide an explanation for p53 inactivity.
Rather, it appears that both p53 and its transcriptionally active homologue TAp73 are inactivated during adenovirus infection by as yet unknown mechanisms.
Finally, the impact of E4orf6 on p53 activity was analyzed in LS174T cells in the presence or absence of camptothecin. As found in A549 cells (Fig. 2C) , the deletion of E4orf6 strongly increased p53 levels but led to a moderate increase in the level of p21 (Fig. 3B) . In any case, the amount of p21 remained equal to (in nontreated cells) or lower than (in camptothecintreated cells) the level observed in noninfected cells. Thus, the deletion of E4orf6 does not remove the block of p53 activity during adenovirus infection.
The R2G mutation attenuates p53 inhibition by E1A-13S in transient reporter assays but does not allow p53 activity in adenovirus-infected cells. Besides E1B-55-kDa, the E1A oncoproteins have previously been implicated in the negative regulation of p53. In particular, it was suggested that the interaction of E1A with the protein p300 might be responsible for attenuation of p53, since p300 can act as a transcriptional cofactor of p53 (53) . We first addressed this by transienttransfection and luciferase assays. Indeed, p53-mediated transactivation was negatively regulated by E1A-13S (Fig. 4A) . In this experiment, wild-type E1A was compared with the mutant R2G that had previously been shown to abolish p300 binding (reference 15 and references therein). As expected, this mutant inhibited p53 only to a lesser extent. Next, we sought to determine whether p300 binding was the principal mechanism to inactivate p53 during an infection with a virus carrying a E1B-55-kDa mutation. A double mutant virus that expresses E1A with theR2G mutation and E1B-55-kDa with the R239A mutation was constructed. This virus, as well as the single mutant E1B-55-kDa R239A, induced p53 accumulation compared to the p53 levels in mock-infected cells or cells that were infected with wild-type adenovirus. However, in both cases, the p53-responsive gene p21/CDKN1A was not induced, as determined by immunoblot analysis of the encoded protein (Fig.  4B) . We conclude that the activity of p53 is abolished in adenovirus-infected cells by mechanisms that function independently of the interactions between E1A and p300 or between E1B-55-kDa and p53.
E1A mutations that abolish p400/TRRAP binding strongly attenuate p53 inhibition by E1A in transient reporter assays but do not allow p53 activity in adenovirus-infected cells. Besides p300, the p400/TRRAP complex of proteins has been found to interact with E1A proteins through a region of E1A that is close to the p300 binding region but can still be distinguished from it (15, 16) . Furthermore, p400/TRRAP can act as a cofactor of p53, at least with regard to the activation of the Mdm2 promoter (1). Therefore, we assessed whether E1A Ϫ/Ϫ ) were transiently transfected as indicated with a luciferase reporter plasmid containing a p53-responsive promoter (50 ng), along with expression plasmids for p53 (50 ng) and E1A or its mutant R2G (300 or 1,100 ng). Luciferase activities were determined as described in the legend to Fig.  1. (B) Immunoblot analysis of p53 and p21/CDKN1A in infected cells. A549 cells were mock infected or infected with wild-type adenovirus (Ad wt) or the indicated adenovirus mutants at a multiplicity of infection of 20. Cells were harvested and subjected to immunoblot analysis at 24 h postinfection. p53 and its target gene product p21/CDKN1A were detected using specific antibodies. Ad E1B-55k, adenovirus E1B-55-kDa; Ad ␤Gal, adenovirus expressing ␤-galactosidase.
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on October 15, 2017 by guest http://jvi.asm.org/ might attenuate p53 activity through binding to p400/TRRAP. To test this, E1A mutants that lack the ability to bind p400/ TRRAP or that lack p300 binding activity or both (reference 15 and references therein) were constructed, as summarized in Fig. 5A . These E1A mutants were tested for p53 inhibition in transient reporter assays. It was found that the mutants lacking either residues 25 to 36 (selectively lacking p400/TRRAP binding) or residues 2 to 36 (lacking both binding activities) were most compromised for p53 attenuation compared to wild-type E1A or mutants that retain p400/TRRAP binding while lacking p300 binding activity (Fig. 5A) . We conclude that, at least in the system under study here, the interaction between E1A and p400/TRRAP might be of even greater impact than the interaction between E1A and p300 for the negative regulation of p53 activity. Next, we assessed the effect that the deletion of residues 25 to 36 within E1A has on p53 activity in infected cells. A recombinant adenovirus was created; this adenovirus simultaneously carried the deletion of residues 25 to 36 within E1A (thereby abolishing the interaction of E1A with p400/TRRAP) and the R239A mutation within E1B-55-kDa (thereby eliminating the interaction between E1B-55-kDa and p53). In addition, a similar virus in which E1B-19-kDa had been deleted was created to address the impact of apoptosis on virus replication (see below). Subsequently, A549 cells were infected by these recombinant viruses, and the levels of p53 and p53 target gene products were determined by immunoblotting. In all cases, the recombinant viruses caused p53 accumulation, although the mutants lacking the E1A-p400/TRRAP interaction did so only to a somewhat lesser degree (Fig. 5B) . It is possible that the p400/TRRAP complex affects or even mediates the ubiquitination and hence the stability of p53, as has been reported for p300 (19) . However, as in the previous experiments, the levels of the p53 target gene product p21/CDKN1A were not increased in infected cells. In contrast, a strong decrease in p21/CDKN1A levels was observed in all cases. We conclude that the elimination of the E1A-p400/TRRAP interaction, despite its considerable impact on p53 activity in transient reporter assays, does not restore p53 activity during adenovirus infection. Hence, p53 activity is abolished in adenovirus-infected cells by mechanisms that do not depend on the direct binding of p53, p300, or p400/TRRAP by viral E1 gene products.
The E1B-55-kDa mutation R239A augments apoptosis of infected cells when combined with a deletion of E1B-19-kDa. p53 appears to induce apoptosis through transcription-dependent and -independent pathways (reference 42 and references therein). In particular, p53 was found to associate with mitochondria, possibly triggering the initial phase of apoptosis before transcription is induced (13, 37) . Therefore, we set up an experiment to determine whether abolishing p53 binding by E1B-55-kDa might lead to increased apoptosis of infected cells, despite the continuously missing transcriptional activity of p53. To test this, the principal adenovirus-expressed inhibitor of apoptosis, E1B-19-kDa, was eliminated by a corresponding deletion within the virus genome. Recombinant viruses that simultaneously carried a deletion of E1B-19-kDa and the R239A mutation within E1B-55-kDa that removes p53 binding were constructed. A549 cells were infected with these viruses, and their morphology was subsequently monitored by phase-contrast microscopy. Forty-eight hours after infection with wild-type adenovirus, the cells appeared enlarged and displayed a round shape, while remaining attached to the culture dish (Fig. 6A) . A similar pattern was observed when cells were transiently transfected as indicated with a luciferase reporter plasmid containing a p53-responsive promoter (50 ng), along with expression plasmids for p53 (5 ng) and E1A-13S or the indicated mutants of E1A (1,100 ng). The reported abilities of these mutants (15) to bind p300 and/or the p400/TRRAP complex are indicated below the graph. Luciferase activities were determined as described in the legend to Fig.  1 . Abbreviations: wt, wild-type; mut, mutant; ⌬ 15-25, deletion of residues 15 to 25. (B) Immunoblot analysis of p53 and p21/CDKN1A in infected cells. A549 cells were mock infected or infected with wild-type adenovirus or adenoviruses carrying the indicated mutations at a multiplicity of infection of 15. Cells were harvested and subjected to immunoblot analysis at 36 h postinfection. p53 and its target gene product p21/CDKN1A were detected using specific antibodies, along with the Ku antigen (loading control).
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on October 15, 2017 by guest http://jvi.asm.org/ were infected with virus with the single mutation E1B-55-kDa R239A. Also, when cells were infected with a virus carrying the single deletion of E1B-19-kDa, a similar morphology was observed in most cells, with a few smaller and apparently apoptotic cells. In contrast, when cells were infected with a recombinant adenovirus that carried the E1B-55-kDa R239A mutation and deletion of E1B-19-kDa, the cells seemed more damaged; they were largely detached and displayed apoptotic morphology throughout. A similar experiment was performed with LS174T cells that allowed the detection of PARP. Cleavage of PARP is a wellestablished hallmark of apoptosis. Cells were infected with wild-type adenovirus and with a virus carrying the R239A mutation of E1B-55-kDa with a deletion of E1B-19-kDa. On top of this, these mutations were also combined with E1A mutations affecting either p300 binding or p400/TRRAP binding. As shown in Fig. 6B , increased PARP cleavage was observed in those cells that were infected with viruses carrying the E1B-55-kDa mutation on top of the E1B-19-kDa deletion. The disappearance of the upper band (full-length PARP) and increase of the lower band (caspase-cleaved PARP) was particularly enforced by the E1B-55-kDa mutation in the background of an additional E1A mutation. This was observed despite the absence of any detectable transcriptional activity of p53, as determined by immunoblot detection of p21 (Fig. 6B) . Thus, accumulating p53 in adenovirus-infected cells still ap- pears to increase the apoptotic response of infected cells. This is compatible with the assumption that p53 might contribute to programmed cell death through transcription-independent pathways. In general, the E1B-55-kDa mutation R239A, alone or in combination with a deletion of E1B-19-kDa, does not decrease virus replication. Next, we determined whether the increased apoptosis of infected cells upon mutation of E1B-55-kDa and/or deletion of E1B-19-kDa leads to a decrease in virus replication. A number of different cell lines with different p53 status were infected with the four viruses that either did or did not contain the corresponding E1B mutations. Forty-eight hours postinfection, the cells were harvested, and virus yield (in fluorescence-forming units) was determined by titration on H1299 cells. In most cases, there were only subtle changes in virus yield, differences of less than 1 log unit when the different virus mutants for each cell line were compared (Fig. 7A) . The differences between the mutant lacking E1B-19-kDa and the double mutant were even less pronounced. This was observed in tumor cell-derived cell lines in the presence or absence of the DNA-damaging (and p53-activating) agent camptothecin, as well as in human fibroblasts. We conclude that despite the enhanced apoptosis of cells infected with virus carrying both E1B mutations, the efficiency of the replication cycle is not grossly compromised by these mutations. Hence, the viruses can apparently finish most of their replication cycles before the infected cells become too distorted by apoptosis to support virus replication.
To compare the effects of an E1B-55-kDa mutation with the complete deletion of E1B-55-kDa, virus lacking E1B-55-kDa entirely was used in parallel with wild-type virus to infect a subset of the cells under study, and virus yield was determined. As shown in Fig. 7B , even the deletion of E1B-55-kDa did not grossly reduce the efficiency of virus replication. This is consistent with previous results reporting that a severe effect of E1B-55-kDa deletion on virus yield is observed in relatively few cell lines, such as HeLa cells (17, 21) .
Overexpression of active p53 strongly augments apoptosis of infected cells when combined with a deletion of E1B-19-kDa. To corroborate the concept that p53 can increase the extent of apoptosis of infected cells when E1B-19-kDa is absent, we took advantage of a previously developed system to ensure p53 activity in cells that are infected with wild-type adenovirus (27) . H1299 cells (p53 Ϫ/Ϫ ) had previously been infected with replication-competent adenoviruses, in combination with an adenovirus virus vector to express p53mt24-28, a p53 mutant that fully retains transcriptional activity but does not detectably interact with E1B-55-kDa (27, 50, 69) . In addition to wild-type adenovirus, in this study we used a recombinant adenovirus in which E1B-19-kDa had been deleted for coinfection with the expression vector. p53mt24-28 was capable of inducing the p53-responsive genes p21/CDKN1A, Mdm2, and Bax, regardless of the coinfection with replicative viruses, as verified by immunodetection of the corresponding gene products (Fig.  8A) . Also, p53 expression levels were not compromised by coinfection with replicative viruses (Fig. 8B) . Since the p53 expression vector and a control vector expressing ␤-galactosidase have the E1 region entirely deleted, the coinfected cells did not contain the apoptosis inhibitor E1B-19-kDa. Thus, we determined the extent of apoptosis in the infected cells by monitor- (Fig. 8B) . Similarly, only the combination of adenovirus lacking E1B-19-kDa and the p53mt24-28 expression vector induced the extensive morphological changes typical of apoptosis in the infected cells (Fig. 8C ). In conclusion, forced p53 activity clearly enhances apoptosis in cells upon infection with an adenovirus lacking E1B-19-kDa. Overexpression of active p53 only marginally interferes with virus replication, even when combined with a deletion of E1B-19-kDa. Finally, we asked whether forced p53 activity in infected cells can affect virus yield. Previously, Koch et al. had found that active p53 does not interfere with the replication of wild-type adenovirus (27) , raising the question whether p53 inhibition by adenovirus might represent a redundant function for virus replication, which is of importance only when other functions are missing. Given the enhanced apoptosis induced by p53mt24-28 when E1B-19-kDa was absent, we sought to determine whether the combination of p53 activity and E1B-19-kDa deletion might reduce virus yield. To test this, H1299 cells were again infected with combinations of adenovirus (wild type or lacking E1B-19-kDa) and virus-derived expression vectors for ␤-galactosidase (control) or p53mt24-28. At different time points, the cells were harvested, and virus yield (in fluorescence-forming units) was quantified by titration on H1299 cells.
As shown in Fig. 9 , the differences in virus yield observed between the four different combinations were small. The combination of p53mt24-28 with E1B-19-kDa deletion led to a decrease in virus yield of less than fivefold compared to the other pairs of viruses (Fig. 9A) , despite extensive apoptosis occurring with this combination. The expression levels of early virus gene products (E1A proteins and E2A-72-kDa DNA binding protein) and the late gene product hexon were reduced even less under these circumstances (Fig. 9B) , and a similarly moderate reduction was found when the levels of virus DNA were analyzed (Fig. 9C) . We conclude that, despite extensive apoptosis in the absence of E1B-19-kDa, forced p53 activity does not severely compromise virus replication.
DISCUSSION
Our results show that p53 remains inactive in adenovirusinfected cells when the interactions between the E1B-55-kDa protein and p53 and/or the interactions between E1A and p300 or the p400/TRRAP complex are eliminated. However, even in response to forced p53 activity and upon deletion of the apoptosis inhibitor E1B-19-kDa, the virus still replicated to yield more than 20% of the wild-type levels. Thus, the virus not only inactivates p53 by multiple mechanisms, it is also remarkably resistant to any p53 activity that occurs despite these antagonisms and even replicates relatively efficiently when p53-in- H1299 cells were infected as described above for panel A. After 30 h, the cells were harvested, and genomic DNA was prepared. After restriction with HindIII, the fragments were separated on an agarose gel and visualized by ethidium bromide staining.
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duced apoptosis is permitted. Thus, despite the fact that p53 is one of the most uniform targets of small DNA tumor viruses, its elimination appears to be of little obvious relevance during adenovirus infection of cultured cells. What are the mechanisms that lead to p53 inactivation despite its accumulation when cells are infected with an E1B-55-kDa mutant virus? We have ruled out a number of possibilities. Neither E4orf6 nor the interaction of E1A with p53 cofactors appears to be required for p53 inactivation. We did not find evidence for the induction of known p53 antagonists. Another possibility is the relocalization of p53 to intracellular sites where it is no longer available for the induction of cellular genes. However, immunofluorescence studies revealed that p53 remained in its usual, diffusely nuclear localization during virus replication and did not detectably relocalize to the cytoplasm or any particular nuclear structure (data not shown). At this time, we do not know the mechanism(s) that inactivates p53 during infection with the mutant viruses. Possibilities include the direct inactivation of p53 by an as yet unknown viral gene product or the recruitment of a limiting transcription factor to the viral replication centers. We have recently reported that only a small number of cellular genes are affected in their expression by an adenovirus infection, and all these genes were downregulated (34) . This raises the possibility that adenovirus might be generally capable of preventing increases in the transcription of cellular genes. We speculate that adenovirus might inactivate factors that are required for augmenting gene expression, e.g., chromatin modifiers. Such factors might for instance be tethered to the virus replication centers, making them unavailable for cellular genes.
Despite the lack of transcriptional activity, accumulated p53 appears to increase the susceptibility of infected cells for apoptosis. Thus, transcriptional activation and death induction by p53 was separated in this system. This can be taken as a novel piece of evidence supporting a transcription-independent role of p53 in the induction of programmed cell death. It is tempting to speculate that p53 might enhance the death of infected cells by associating with mitochondria (13, 37) . In the future, this system might be suitable to assess the domains, mechanisms, and antagonists that regulate the mitochondrial pathways employed by p53 to start apoptosis. For instance, it is possible that the recently suggested role of gain-of-function mutants of p53 in the replication of adenovirus (20) might be related to the association of such mutants with mitochondria.
Another open question concerns the fact that overexpressed p53mt24-28 activates transcription of p53 target genes in productively infected cells, whereas accumulated endogenous p53 does not. One might hypothesize that this is an inherent property conferred by the mutation of residues 24 to 28. However, earlier studies had revealed that even overexpressed wild-type p53 retains the ability to induce p21/CDKN1A expression in adenovirus-infected cells (27) . We therefore assume that the sheer amount of overexpressed p53 overcomes any mechanism that would normally antagonize p53 in infected cells.
The relatively efficient replication of adenovirus despite the massive apoptosis of infected cells came as a surprise. It appears that the essential steps of virus replication are taken before inhibition by cell death. Our results also suggest that the late steps of the virus replication cycle, such as virus assembly, can be carried out in cells despite advanced apoptosis. Indeed, even wild-type adenovirus actively induces apoptosis at the end of its replication cycle, through expression of the adenovirus death protein encoded by the E3 region. This may help to release viral progeny (62, 63) . Apparently, the virus is quite robust with regard to the timing of death induction, largely obviating the need for early inhibition of apoptosis.
Our results argue against the possibility of using p53-selective viruses for therapeutic purposes. p53 remains inactive despite the elimination of several known p53-antagonizing mechanisms. Even if it were possible to restore p53 activity by additional modifications of the virus, our results obtained with p53mt24-28 strongly suggest that p53 activity would still not severely reduce the replication of such a virus mutant. However, it might still be possible to create a virus that is suppressed by wild-type p53 and/or activated by mutant p53. For instance, Roth et al. recently reported an adaptor system for reactivating mutant p53 to activate cellular p53-responsive genes (51) . A similar system might be used to activate early virus genes, using an adaptor that recruits mutant p53 to viral promoters. An obvious alternative would consist in the integration of p53-repressible promoters into the virus genome. However, since p53-mediated repression of transcription requires the induction of p21/CDKN1A (35) and since the expression of this gene is impaired by adenovirus regardless of p53 accumulation (this study), we do not favor this approach.
Finally, the question remains why adenovirus has evolved specific and direct mechanisms to eliminate p53, if additional ways of p53 inactivation exist. Forced p53 activity in the absence of E1B-19-kDa moderately reduces virus replication, and such a reduction might provide enough selective pressure to evolve p53 antagonisms. However, this occurs only in the presence of highly overexpressed p53 (Fig. 9 ) and much less with endogenous p53 (Fig. 7) . The question of what advantage has been gained by the evolution of p53 antagonisms pertains to viruses other than adenovirus. Human papillomaviruses also evolved in numerous types, and only a fraction have developed efficient mechanisms to antagonize p53. Thus, such mechanisms appear to be selected for only under special and currently unknown circumstances. It should be kept in mind, however, that all experiments shown here were performed in cell culture systems. This raises the possibility that specific p53 antagonisms are more important for the interaction of the virus with an infected organism. Accordingly, recent observations regarding the induction of p53 expression by interferons (60) emphasize the existence of links between p53 and the immune response. We therefore propose that a complete picture reflecting the role of p53 in virus infection can be revealed only in immunocompetent animal models and that its final assessment will require the analysis of virus-induced pathogenesis.
